Abstract: Histopathological imaging of tissues often requires extensive sample preparation including fixation and staining in order to highlight characteristic alterations associated with diseases. Herein, we report an integrated spectro-microscopy approach based on a combination of multimodal multi-photon imaging and Raman micro-spectroscopy and demonstrate label-free characterization of the structure-constituent correlation of porcine skin. The multi-modal imaging allows the visualization of dermatological features whereas Raman micro-spectroscopy enables the identification of their 'molecular fingerprints'. By obtaining both structural and molecular-level information of tissue constituents, this integrated approach can offer new insight into the patho-physiological status of tissues.
Introduction
Many pathological transformations of diseased tissues involve alteration of morphological and chemical characteristics. For example, tumor tissues are typically accompanied with the growth of vessels and collagens [1] ; fibrosis of lungs may exhibit extensive modification of extracellular matrix [2] ; steatohepatitis is often characterized by inflammation of liver with concurrent fat accumulation in hepatocytes [3] . The ability to visualize these pathological characteristics with definite molecular specificity would greatly assist not only the diagnosis of diseases but also the investigation of the underlying pathogenesis in increased details. Histopathology, the microscopic study of diseased tissues, has long been an indispensable standard technique to identify pathological features. Since the contrast related to specific constituents for tissues visualized under conventional optical microscopes is usually insufficient, histological imaging inevitably involves complex specimen preparation in numerous steps including fixation, processing, embedding, sectioning and staining in order to emphasize and recognize the characteristic components of tissues. Other than tedious processes needed, some histological features in the tissue specimen might be distorted or even entirely lost during these procedures. All these limitations raise a demand to develop a more effective approach that is able to characterize specific pathological features of tissues in a label-free manner.
Multi-photon microscopy that possesses many attractive features such as threedimensional sectioning, deep penetration and none-destructiveness to samples has long been recognized as a powerful tool for biomedical imaging [4] . Among many modalities of multiphoton microscopy, two-photon excited fluorescence (TPEF) and second-harmonic generation (SHG) microscopy are two widely employed techniques for biomedical applications. Multiphoton imaging based on sum frequency generation (SFG) has also been explored [5] .
Recently, coherent anti-Stokes Raman scattering (CARS) microscopy was introduced [6] and developed [7] [8] [9] [10] [11] [12] as a new modality of multi-photon imaging. CARS imaging is based on signals that are intrinsic and specific to particular molecular vibrations, thereby possessing chemical contrast with no need to employ exogenous labeling [13] . Due to different contrast mechanisms and molecular origins involved for each imaging modality, simultaneous acquisition of images based on multiple multi-photon imaging modalities can allow the visualization of various tissue constituents with definite spatial co-localization and improved contrast. Nevertheless, most reported work was limited to two combined modalities because a single laser is used for excitation [2, [14] [15] [16] . Huff et al. employed two synchronized pulsed lasers and demonstrated tri-modal multi-photon imaging of neurons [17] ; however, the TPEF signal was generated by introducing exogenous labels. An integration of CARS, SHG and TPEF imaging based entirely on native constituents of tissues with no need of exogenous labeling has not been demonstrated yet. Moreover, the molecular origins of these nonlinear signals generated from tissue constituents remain relatively unexplored.
Raman spectroscopy, on the other hand, allows the characterization of molecular structures. This capability has been utilized extensively in investigating patho-physiological transformation of tissues and life cycles of single cells [18, 19] . For this reason, an implementation of Raman spectroscopy with a multi-photon imaging system is expected to not only help elucidate the molecular origin of the observed multi-photon induced signals, but also consolidate the correlation between the contrasts shown in images with specific tissue constituents.
Here we report a new configuration of spectro-microscopy based on an integration of trimodal multi-photon imaging (CARS, SHG and TPEF) and Raman spectroscopy, and demonstrate our system on porcine skin by showing dermatological features with great contrast and molecular specificity while with no stains. Figure 1 showed the schematic of our multi-modal spectro-microscopy system. A modelocked Nd:Vanadate laser (PicoTran, High-Q Laser, Austria) that delivered a stable pulse train (1064 nm, 7 ps, 76 MHz) and a synchronously pumped, frequency-doubled, wavelengthtunable optical parametric oscillator (OPO, Levante, APE, Germany) were employed as excitation. The two pulse trains were merged collinearly with a dichroic mirror, directed to an inverted optical microscope (IX71, Olympus, Japan), and focused with a water immersion objective (UPLSAPO 60X, N.A. 1.2, Olympus, Japan) onto the sample. To properly fill the back aperture of the objective and to take into account its chromatic aberration, the diameters of the two beams were adjusted independently with two sets of telescopes. The power of each beam was independently adjusted with polarization optics comprising a half-wave plate and a polarizer. An optical delay line was employed to match the temporal delay of the two pulse trains. To generate a CARS signal specific to the molecular vibration of the CH 2 stretching mode at 2850 cm A microscope condenser lens (N.A. 0.55) was employed to collect signals propagating in the forward direction. The signal passed through a stack of hot mirrors and short-pass filters to block the excitation and was then spectrally split into two directions using a dichroic mirror of a cut-off wavelength at 562 nm. The SHG and CARS signals were further sorted from the split signal beams with a laser-line filter of a center wavelength at 532 nm and with a bandpass filter of a center wavelength at around 660 nm, respectively. The backward-propagating signal was collected with the same objective lens used to focus the excitation. The TPEF signal between 470 and 550 nm was exclusively selected with a band-pass filter by blocking the SHG signal with a notch filter of a center wavelength at 532 nm. The spectrally and spatially separated CARS, SHG and TPEF signals were detected with three photomultiplier sensors (Hamamatsu, Japan). A phase-sensitive detection scheme was also employed to further minimize cross-talk among the three nonlinear signals. The two excitation beams were modulated at two frequencies (typically about 2.3 and 1.9 kHz) with a dual-slot optical chopper (Stanford Research Systems, USA). Each signal was then de-modulated at the corresponding modulation frequency with a lock-in amplifier (Stanford Research Systems, USA). The demodulated signals were then fed to an analog-to-digital converter (National Instruments, USA) and processed with a computer. The scanning of the sample was achieved with a three-axis closed-loop piezo scanning stage (Physik Instruments, Germany). Images were constructed by simultaneously recording the demodulated signals in a point-by-point manner while raster-scanning the sample with respect to the laser focal spot. Throughout this study, the duration time for each pixel was set to 3 ms. An image comprising 300-by-300 pixels typically takes about 4.5 minutes to complete under this setting. Sample scan, signal collection and image construction were implemented with computer codes (LabView, National Instruments, USA). The spatial resolution of our system is 0.37 μm that has determined from the FWHM (full with at half maximum) of a lateral scan on a polymer bead (data not shown).
Experiments

Apparatus
Spontaneous Raman scattering was generated with a single-frequency, diode-pumped, solid-state laser (532 nm, DPSS Lasers, USA) of which the beam was introduced to the microscope with a 'flipper' mirror. Both the Raman spectra and the multi-photon inducedemission spectra were analyzed with a fiber-coupled spectrograph equipped with a thermoelectrically cooled, charge-coupled device (Shamrock, Andor, USA).
Sample preparation
Porcine skin was obtained from domestic pigs slaughtered on the day of the experiment. For multi-modality multi-photon imaging, a thin piece of specimen (~ 1 mm in thickness) was excised from the middle of a pig's ear with a scalpel, placed on a chambered coverslip, immersed in a normal saline solution, and finally sealed with another piece of coverslip directly before imaging.
For histological examination, we employed standard haematoxylin and eosin (H/E) stain on sectioned porcine skin tissue. For collagen and elastin staining, protocols based on Masson's Trichrome and Weigert's methods were used, respectively. Images of stained specimens were acquired with an optical microscope equipped with a digital camera. The results were compared with the multi-modality multi-photon images obtained on untreated specimens.
The scalded skin was prepared by heating the specimens at 60 o C. The specimens were then examined at different stages (1, 6 and 20 minutes) of thermal injury with the multimodality multi-photon microscopy.
Results and discussion
Intrinsic multi-photon induced emission from tissue constituents
We first characterized the multi-photon induced emission produced with temporally and spatially overlapped beams of light at 816.7 and 1064 nm. A representative emission spectrum obtained from porcine skin was shown in Fig. 2(A) . There are four distinct and sharp spectral lines (centered at 408.4, 462, 532 and 663 nm, respectively) superimposed on a relatively weak but broad spectral band. These four sharp lines were assigned to the SHG (408.4 and 532 nm), SFG (462 nm) and CARS (663 nm) whereas the broad spectral band was attributed to the TPEF in accordance with their corresponding energy-level diagrams that were illustrated in Fig. 2(B) . The co-existence of signals from multiple multi-photon processes indicates the co-localization of various tissue components within even a sub-micrometer region as defined by the excitation zone of multi-photon excitation. This complex emission spectrum is not unique to porcine skin; rather, we found it rather common in tissues of various kinds (data not shown). 
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Fig. 2. (A).
A representative multi-photon emission spectrum of porcine skin generated using two spatially and temporally overlapped pulsed light sources with λ 1 = 816.7 nm and λ 2 = 1064 nm. The four sharp spectral lines were resulted from SHG (408.4 and 532 nm), SFG (462 nm), and CARS (663 nm), respectively, whereas the broad spectral feature on which the four sharp lines are superimposed was from the TPEF. (B) Energy diagrams corresponding to multiple non-linear optical processes (SHG, SFG, CARS, and TPEF). ω 1 and ω 2 denote two excitation frequencies; ω SHG and ω SFG denote SHG and SFG frequencies; Ω denotes the resonant frequency of a molecular vibration; ω AS denotes the CARS frequency.
An essential step for the construction of multi-modal multi-photon images and the interpretation of images is to separate signals from individual nonlinear optical processes with minimum cross-talk among them. This is by no means trivial especially for the highly congestive emission spectrum shown in Fig. 2(A) . In particular, each coherent signal (i.e. SHG, SFG and CARS) is spectrally overlapped with the TPEF signal. Therefore, it is difficult to separate these signals based only on spectral filtering that has been commonly employed in multi-modal imaging systems. Evan et al. reported the utilization of a condenser lens in their CARS microscope to collect forward propagating CARS signals with a good efficiency [9] . We employed also a condenser with a small N.A. to collect coherent signals (SHG, SFG, and CARS) that all propagate in a directional manner while discriminating against incoherent TPEF signals that is, in contrast, divergent. The detection of the fluorescence signal in the forward direction was further attenuated by adjusting the focus of the condenser lens such that only the highly directional beam was effectively focused onto the detectors but not the divergent fluorescence signal. Figure 3 displayed the forward-and backward-collected emission spectra generated from the same focal point of porcine skin. The results clearly showed that the fluorescence was virtually eliminated in the forward-collected spectrum but was largely preserved in the backward direction. Although the phase-matching condition favors a propagation of coherent signals in the forward direction, the highly scattering nature of tissues could cause considerable reflection of the coherent signals and result in strong SHG, SFG and CARS signals observed in the backward direction [5] . Despite of this, the TPEF signal can easily be selected without crosstalk using a proper filter set as discussed in the experimental section. Throughout this work, all SHG and CARS images were constructed from signals collected in the forward direction whereas the TPEF images were constructed from that collected in the backward direction, respectively.
Multi-modality, multi-photon imaging and Raman micro-spectroscopy of porcine skin
Skin is the largest organ that serves as an interface between an animal (or human) body and its surroundings. It also plays an essential role in various physiological functions such as regulating body temperature and protecting the body from the invasion of pathogens. Porcine skin shares many common features with human skin in terms of the dermatological structures, and has therefore been commonly utilized as a model system for skin research. It comprises, from the uppermost, the epidermis, dermis and subcutaneous layer. Figure 4 (A) showed a cartoon that illustrated a vertical cross section of the skin. The outermost portion of the epidermis is a stratified squamous epithelium whereas the innermost portion of the epidermis is a basal layer with cells that are able to proliferate and to migrate towards the skin surface to replace dead cells. The dermis is separated from the epidermis by a thin laminar layer comprising mainly elastin fibers. The dermis layer has a scattered distribution of cells. These cells are surrounded by extracellular matrix comprising mainly collagen fibers that are arranged in a three-dimensional network. Elastin fibers also exist in the dermis, but their content is relatively small compared to collagen fibers. The most pronounced feature in the subcutaneous layer is adipocytes (fat cells) that are deposited in the pockets of connective tissues serving as an insulating layer to avoid the loss of heat from the skin. We demonstrated label-free visualization of these dermatological features by imaging freshly excised porcine skin without employing stains. Figure 4(B) showed the simultaneously obtained TPEF, SHG and CARS images on separate regions of epidermis, dermis and subcutaneous layers, respectively, whereas Fig. 4(C) displayed the overlaid images in which the signal from each individual nonlinear optical process was coded in a separate color. We collected TPEF signals in the spectral range between 470 and 550 nm with the contribution from the SHG rejected with a notch filter. The TPEF images showed that the TPEF signal was observed in regions spanning from the epidermis through the dermis. In particular, an area near the epidermis produced strong TPEF signal in the selected spectral range and displayed like a boundary (white arrow). The contribution of the observed TPEF signals might result from natively fluorescent structural proteins and metabolites. Elastin has been reported to produce strong fluorescence about 500 nm [20] . The fluorescence of retinol and NADH also locates within the same spectral window and may also contribute the observed signal [21] . Instead, the contribution from the fluorescence of collagen is small relative to its SHG contribution and can thus be eliminated [20] .
To elucidate the molecular origin of the observed TPEF signals, we measured a Raman spectrum in regions that produced strong TPEF signal and a typical result was shown in the upper panel of Fig. 4(D) . The amide I mode (1659 cm -1 ), amide III mode (1242 cm -1 ) and the ring-breathing mode of phenylalanine (1004 cm -1 ) have been observed in the spectrum; all are characteristic vibrational modes of protein molecules. The remaining Raman lines are relatively less specific, but the vibrational line at 1450 cm -1 assigned to the bending mode of CH 2 , and the unresolved multiple lines near 2900 cm -1 assigned to the stretching modes of CH 2 and CH 3 functional groups are also consistent with the vibrational features of proteins. The observation of the vibrational signature of proteins in regions that exhibited strong TPEF signals strongly suggests that the contrast shown in the TPEF image represents mainly the distribution of elastin protein, a natively fluorescent structural protein. Accordingly, the boundary like feature observed in the TPEF image (indicated by the white arrow in Fig. 4(C) ) was interpreted as the lamina layer that is known to comprise mainly elastin and locate between the epidermis and dermis layers. The scarce but observable features possessing a characteristic fibrous appearance in the dermis are also consistent with the distribution of elastin in the dermis layer as a constituent of the connective tissue. The result showed that the integration of Raman spectroscopy with multi-modal multi-photon microscopy can facilitate the interpretation of features observed in the images, and also well demonstrated a unique capability in correlating structure-constituent relationship of tissues.
The SHG image was produced from the forward-propagating signal centered at 532 nm. As shown in Figs. 4(B) and (C), strong SHG signal was observed in the dermis layer and the images displayed as a three-dimensional network of fiber bundles that crossed each other, resulting in a pattern similar to densely interwoven meshwork. Many investigators have reported that collagens produce strong SHG signals due to their large second-order polarizability and their non-centrosymmetric structure [1, 22, 23] . Since collagen is a major component of the extracellular matrix in connective tissues including the dermis layer of skin, the contrast observed in the SHG image was thus attributed to the distribution of collagen fibers. Again, correlated Raman spectral measurement enabled the molecular-level identification of the feature shown in the image based on their 'Raman fingerprints'. As shown in the middle panel of Fig. 4(D) , a Raman spectrum measured in a region exhibiting strong SHG signals possessed all characteristic protein lines at 1004, 1246 and 1658 cm -1 and consolidated the correlation of the SHG signal to the collagen fibers.
The CARS images were generated from forward propagating signals centered at 663 nm. Strong intensities were only observed in the subcutaneous layer. The images showed many characteristic globular bloated shapes. These features resembled the distribution of adipocytes (fat cells) that mainly locate in the subcutaneous layer. As triglyceride and cholesterol contain many CH 2 functional groups and are the main content of fat, the selection of the excitation wavelengths at 1064 nm and 816.7 nm led to the generation of CARS signals mainly from fat [9] . The feature in the CARS image was thus attributed to the distribution of fat. The correlated Raman spectrum was shown in the lower panel of Fig. 4(D) . The spectrum exhibited characteristic Raman lines associated with fat including the C=C stretching (1651 cm -1 ), the =CH bending (1263 cm -1 ) and the carbonyl stretching (1740 cm -1 ) modes of cholesterol and/or triglyceride, and thus supported the attribution of the contrast in the CARS images to adipocyte fat.
In order to visualize various tissue constituents in each demonological layer of skin, we performed a large-area scan (0.3 mm by 3.6 mm) on the porcine skin and the result was displayed in Fig. 5 . These images covered regions from the epidermis, dermis, to subcutaneous layer of skin. In particular, the overlaid image exhibited a remarkable contrast, clearly illustrating not only the relative amount but also the spatial distribution of individual tissue constituents in each layer. Traditional histological imaging requires staining of sectioned specimens in order to selectively highlight particular tissue constituents. We have demonstrated that our multimodal spectro-imaging system can reveal detailed dermatological features of porcine skin while eliminating the lengthy procedures such as fixation sectioning and staining. We have also shown that the integrated spectroscopic measurement can facilitate the assignments of the characteristic features observed in the multi-modal multi-photon images. To consolidate these points, we compared the histological images of conventional staining with the label-free multi-photon images. The images of conventional staining were shown in Fig. 6 . H/E stain is the most commonly used method for the histological diagnosis of diseases. It involves the utilization of basophilic and acidic dyes to color tissue components and produce contrast seen under optical microscopes. Figure 6(A) displayed the H/E stain images obtained in different regions of the porcine skin. These images exhibited distinctly different morphological features in the epidermis, dermis, and subcutis. In particular, the characteristic fibrous bundles in the dermis, and the empty vacuoles in the subcutaneous layer were all well recognized. There features were assigned to collagen and fat, respectively. Although the assignment of these components has been well documented in the literature, H/E stain is relatively lack of specificity to particular tissue constituents. Therefore, special stains are usually required in order to confirm the existence of a particular tissue component of interest.
Masson's Trichrome stains that selectively color collagen in blue are frequently used to identify collagen in tissues. As seen in Fig. 6(B) , blue colored fibers were observed in the dermis; a result indicates the abundance of collagen fibers in the dermis and supports the interpretation of the SHG images shown in Fig. 4(B) . Weigert's stain was employed to demonstrate elastin fibers and the result was displayed in Fig. 6(C) . Again, the thin dark purple line observed between the epidermis and dermis was also consistent with the assignment of the TPEF features shown in the multi-photon image to the elastin constituent in the lamina layer.
Similar to conventional staining, the overlaid multi-photon images can well demonstrate characteristic dermatological features of the porcine skin. Specifically, elastin, collagen, and fat droplets can all be selectively visualized based on their intrinsic nonlinear optical signals, with no need of introducing special stains. This multiple multi-photon imaging can potentially be applied in a variety of clinical or research fields to bring more insight to the pathophysiological status of tissues. To demonstrate its potential clinical applications, we used a scald porcine skin that was subjected to different extents of thermal injury, and examined the dynamic changes along the pathogenic process. Figure 7 showed the results obtained on the same specimen after accumulative heating at 60 o C for 1, 6, and 30 min, respectively. 
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